INTRODUCTION
There is a requirement for NDE (nondestructive evaluation) technology for measuring variations in microstructure, associated extrinsic properties (e.g., strength, toughness), and diffuse flaw populations that govern the mechanical performance of a part or structure. Specification of flaw criticality and prediction of structural reliability depend on knowing mechanical properties and morphological conditions: elastic moduli, strength, fracture toughness, hardness, porosity, phase structure, fatigue and creep damage, etc. Fracture analysis and life prediction models assume flaw initiation and growth in materials with known moduli, strengths, toughnesses, and morphological conditions. It is possible to use ultrasonic NDE techniques to verify whether a structure possesses the properties assumed in design analysis. It will be shown herein that this can be done by analyzing signal modulating effects of material microstructures.
Various kinds of NDE technology can be used to characterize mechanical properties, e.g., electromagnetic, radiometric, ultrasonic (McMaster, 1959; Green, 1973a; Vary, 1973; Krautkramer and Krautkramer, 1977; Hayward, 1978) . This paper considers only ultrasonic techniques for measuring mechanical properties. The speed of wave propagation and wave energy loss underly ultrasonic mechanical property determinations. Accordingly, ultrasonics depends on measuring physical and acoustical properties via the interaction of elastic stress waves with microstructural and morphological factors (Mason, 1958; Kolsky 1963; Fu, 1982) .
There is an established theoretical foundation and empirical basis for ultrasonic measurement of elastic moduli (Truell et al. 1969; Schreiber, et al. 1973) . Conversely, ultrasonic assessment of mechanical properties like strength and toughness are currently based primarily on empirical correlations (Vary 1978a; 1980a) . This paper reviews the relevant literature and describes new conceptual foundations for some of the empirical correlations. Three conceptual models are described: (1) a stress wave interaction model, (2) a microstructure transfer function model, and, (3) a microcrack nucleation mechanics model. These conceptual I~odels are applied to ultrasonic assessment of fracture toughness to illustrate an approach for explaining and predicting empirical correlations found among ultrasonic measurements, microstructure, and mechanical properties.
MECHANICAL PROPERTIES
Ultrasonic materials characterization may be divided into two major categories. The first category pertains to measurements that are related to mechanical properties, e.g., elastic moduli, tensile strength, yield strength, fracture toughness. The second category pertains to material conditions that govern mechanical properttes and dynamic response, e.g., microstructure, morphology (grain size, shape, distribution).
Examples of ultrasonic materials characterization from both above mentioned categories are reviewed in this and the next section. This review is selective rather than exhaustive since it is meant to highlight specific areas of materials characterization technology that require the new concepts advanced later in this paper. For further reviews see Papadakis (1976) , Vary (1978a; 1980a) , and Fu (1982) .
Elastic Moduli
The measurement of elastic moduli is fundamental to understanding and predicting material behavior. Because they are related to interatomic forces, elastic moduli govern attainable strengths. Elastic moduli also govern the strain energy release rate and the stress wave propagation properties associated with shock, impact, fracture, etc.
Brittle materials generally require ultrasonic velocity measurements to evaluate elastic modlui. This is particularly true for ceramics where velocity measurements are needed to determine elastic moduli since other methods (tensile tests) produce either poor or no results. Moduli of brittle solids are easier to determine ultrasonically because they exhibit very small strains under tension. Ledbetter, et al. (1980 Ledbetter, et al. ( , 1981 have applied longitudinal and transverse ultrasonic velocity measurements to assessments of the variability of elastic moduli in stainless steels and pioneered the application of their techniques to measurement of elastic moduli in stainless steels at cryogenic temperatures. Lockyer and Proudfoot (1970) obtained excellent linear correlations between ultrasonic moduli and tensile moduli with brittle graphites and sintered tungsten. Similar relations were obtained by Proudfoot (1970) for fiber reinforced composites. Kreher, et al. (1977) demonstrated relations among transv~rse and longitudinal velocities and elastic moduli of porous ceramics.
For anisotropic materials ultrasonic measurements of modli can complement strength analyses and theory verification (Smith, 1972) . Anisotropy. symmetry, homogeneity. misorientation, and similar morphological factors having a bearing on modulus (hence on strength variations) can be assessed velocity measurements.
Tensile and Shear Strength
The mechanical strengths of some types of brittle materials correlate directly with elastic constants. Because the tensile modulus may be determined from longitudinal and transverse velocities, ultrasonics can form the basis for correlations with the tensile strengths of materials such as concrete, ceramics, and some composities. Schultz (1971) found correlations among flexural modulus, flexural strength, and ultrasonic velocity in fiber reinforced composities. Good agreement between theory and experimental data relating ultrasonic moduli and strength were reported by Smith (1972) for carbon fibers and their composites. Zurbrick, (1973) used velocity measurements to correlate tensile strengths and ultrasonic moduli in materials ranging from glass/epoxy to boron/aluminum fiber composites.
There are cases where more than one type of NDE measurement is needed to determine a mechanical property. For example, the tensile strength of cast iron can be deduced from velocity and Brinell hardness measurements (Krautkramer and Krautkramer, 1977) . Thus, by combining two independent NDE methods, a key property can be verified better than by either method alone.
Metal-to-metal adhesive bond strengths have been determined with ultrasonic resonant frequency measurements in the adhesive layers (Schliekelmann, 1973) . Assessments of adhesive bonds and composite laminate strengths have been made by means of frequency spectrum analyses of echoes returned from bond interfaces (Lloyd, 1974 , Adlers, et al. 1977 Flynn, 1977) .
The "acousto-ultrasonic" method (described hereinafter) has been used to establish correlations with interlaminar shear strengths and tensile strengths in composite laminates (Vary and Bowles, 1979; . The acoustoultrasonic method was used to rank composite laminates according to their ultimate tensile strengths (Vary and Lark, 1979 
Fracture Toughness
Ultrasonic methods for determining the fracture toughness of structural materials is of high interest. A major incentive is the need for rapid, inexpensive methods to verify toughness and related mechanical properties prior to placing critical parts in service or after the parts have been exposed to service.
Ultrasonic measurement of toughness has been demonstrated (Vary, 1978b; Vary and Hull, 1982) . Empirical correlations were found between ultrasonic attenuation factors and fracture toughness as measured by the "drop weight tear test" and the Palmqvist methods, (figs. 3 and 4), respectively. A theoretical basis for these empirical correlations will be discussed in detail later.
Property Degradation
Many fiber reinforced composites are prone to mechanical and thermo~hemi cal degradation. strength loss in fiber reinforced plastics can follow moisture ingress, for example. Lowering of interlaminar shear strengths from hydrothermal aging of graphite fiber composites was detected by ultrasonic velocity measurements (Kaelble and Dynes, 1977a; 1977b; Meron, et al., 1977) .
Early detection of cyclic fatigue damage in metals has been the object of ultrasonic studies. Green (1973b) described the complementary use of ultrasonic attenuation and acoustic emission measurements to monitor fatigue effects. Surface wave velocity measurements hqve been proposed for detecting imminent fatigue failure (Rasmussen, 1962; Martin and Tsang, 1970) . Williams, et al. (1980; found correlations between ultrasonic attenuation and fatigue in graphite/epoxy laminates, ( fig. 5 ). The acoustoultrasonic method was used by Duke, et al. (1983) to show covariation of the stress wave factor with secant modulus and fatigue damage in graphite/epoxy laminates, ( fig. 6 ).
MICROSTRUCTURE
There are two aspects to the NDE of material microstructure. One of these aspects is simply the characterization of microstructural features (grain size, shape, distribution; voids, porosity; inclusions; etc.). The other aspect is the correlation of microstructure and morphology with mechanical properties.
Characterization of Microstructure
The effects of microstructure can impede effective ultrasonic flaw detection. The detection of extremely small critical flaws may be hampered by "grain noise" or backscatter. From the perspective of materials characterization this "noise" can be quite useful since it reveals much about the nature of the microstructure. Backscattered ultrasonic signals can be used to determine cleanliness of steel, e.g., degree of freedom from slag, debris, inclusions, (Schlengermann, 1974) . Goebbels (1980) describes an ultrasonic backscatter method for determination of grain size in steel as an alternative to metallography.
Among the methods for assessing microstructure is that of measuring scatter attenuation due to the grain structure of polycrystalline solids. In these solids, studies of the relation of grain size to ultrasonic attenuation have produced empirical formulas and scattering constants. Papadakis (1964b; 1965a) has developed extensive tabulations of scatter attenuation constants for cubic and other polycrystalline solids. Variations in ultrasonic velocity also correlate with grain size in some materials (Papadakis, 1970 (Papadakis, , 1976 . Application of attenuation and velocity measurements to various steels produced correlations with grain size, second phase content, and anisotropy (Murray, 1969, Juva and Haarvisto, 1977; Klinman, et al. 1980 ). An area of special interest is verification of theoretically predicted relations between ultrasonic attenuation coefficients and grain or second phase particle size, see Evans, et al. (1978) , Serabian and Williams (1978) , and Papadakis (1981) . Theoretical relations are rarely realized with microstructures that consist of polycrystalline aggregates. Further development of theory for multiple scattering of ultrasonic waves is required. When fully developed, the theory will enable more accurate characterizations of real (versus idealized) microstructures.
Evaluation of structural ceramics of current technological interest presents some special problems. Micron-size voids, cracks, and inclusions can be quite serious flaws in ceramics. Microflaw populations are usually distributed throughout the bulk of a ceramic article and thus affect bulk properties. Ultrasonic methods are useful to assess ceramic bulk property variations due to diffuse populations of these micron-size voids, cracks, etc.
Ultrasonics methods can detect detrimental density changes, porosity, and similar deficiencies in fine grained sintered and reaction-bonded ceramics.
For example, Klima et al. (1981) found that velocity increases with density in sintered ceramics, ( fig. 7 ). The theoretical inverse relation of velocity to density, found with fully densified materials (Green 1973a) , cannot be assumed for porous materials. In composites and ceramics microvoid and pore size, shape, and orientation govern anisotropies in velocity and strength properties (Kreher, et al. 1977) .
Microvoid populations exceeding only a few volume percent in fiber composites can significantly reduce mechanical strength. Relations among ultrasonic attenuation, microvoid content, and fiber composite interlaminar shear strength have been reported by Martin (1977) . Using through transmitted ultrasound it was shown that increased attenuation corresponds to greater void content and lower interlaminar shear strength (stone and Clarke, 1975; Jones and stone, 1976; stone, 1978).
While quantitative evaluations of microstructure usually employ velocity and attenuation measurements some recent work has illustrated the usefulness of ultrasonic microscopy (Szilard and Scruton, 1974; Kessler, 1974) . Subsurface microstructures of solids have been investigated using photo-acoustic microscopy. i.e., with laser excitation of ultrasonic waves (Wong, et al. 1978; Thomas, et al. 1980 ). Microstructure in amorphous as well as polycrystalline solids has been quantitatively characterized with ultrasonic spectroscopy (Gericke, 1970; Brown 1973; Fitting and Adler, 1981) .
Mechanical Properties and Microstructure
Ultrasonic evaluation of mechanical properties depends on the characteri-. zation of material microstructure. Figures 3 and 4 illustrate the dependence of mechanical properties on microstructure (grain size, second phase constituents, etc.). Inferences of material properties and predictions of dynamic response have long been based on metallographic and other methods that reveal material microstructure and morphology. Ultrasonic methods are alternatives to these conventional approaches.
The previous illustrative examples of the correlations among ultrasonic measurements and mechanical properties demonstrate the influence of microstructure. An approach to ultrasonic materials characterization lies in the analysis of stress wave interactions with microstructure. Microstructure and material morphology are factors that govern material properties and also ultrasonic wave propagation modes (velocity, attenuation). It should be expected that both velocity and attenuation measurements will correlate with the mechanical properties and dynamic response of materials.
The remainder of this paper explores a basis for the interrelation of ultrasonic, microstructural, and mechanical property factors. This paper focuses on fracture toughness, a property for which an excellent case can be advanced regarding the aforementioned interrelation.
ULTRASONIC METHODS
Two methods for ultrasonic signal acquisition and processing are described: (1) the pulse-echo method and (2) the acousto-ultrasonic method. These two methods underly the discussion of material characterization concepts that follows. 5
Pulse-Echo Method
A pulse-echo configuration is shown in figure 8 . Coupling a transducer (probe) to a material sample results in a series of ultrasonic echoes that can be analyzed either in the time or frequency domain, ( fig. 9 ). A single probe serves as a sending and receiving transducer to excite and collect ultrasonic signals in a pulse-echo mode.
Time domain methods employ electrical analogs of ultrasonic echo waveforms that are displayed in figure 9 as signal amplitude (voltage) versus time. Specific signals, e.g., echoes Bl and B2, are ~elected for examination and the measurement of energy, velocity, or attenuation. Time domain measurements currently predominate for defect and material characterizations (Papadakis, 1976; Krautkramer and Krautkramer, 1977; Vary, 1980a) .
Frequency domain methods begin with the acquisition and transformation of time domain signals, e.g., echoes Bl and B2 as in figure 9 . Transformations to the frequency domain are made by either (1) analog frequency spectrum analyses or (2) digital Fourier transform algorithms (Adler, et al. 1977; Bracewell, 1978; Rose and Thomas, 1979; Vary, 1979b Vary, , 1980b Fttting and Adler, 1981) . Information concerning the material microstructure is obtained by deconvolving the waveforms of Bl and B2. The frequency domain approach, associated concepts, and some salient results will be discussed at length in this paper (under Microstructure Transfer Function Model and Experimental Verification).
Acousto-Ultrasonic Method
It is instructive to contrast the acousto-ultrasonic method with the pulse-echo method. It is a generalized version of the pulse echo method and has attributes that make it practical for assessing mechanical properties of composite laminates and other highly heterogeneous, anisotropic structures (Vary, 1980b; .
Apparatus for the acousto-ultrasonic method is illustrated in figure 10 . The configuration differs from that of the pulse-echo method in several important ways. Firstly, two probes are used; a sender and receiver. Secondly, the probes are coupled to the material in a manner that does not permit acquisition of a set of direct echoes as in figure 9 . Thirdly, the received signals are considerably more complicated functions of boundary conditions, microstructure, etc., ).
The object of the acousto-ultrasonic method is to generate elastic waves that will interact with material morphology and boundary surfaces in a manner similar to spontaneous stress waves that arise at the onset of microcrack nucleation, fracture, etc. As indicated in figure 10 the resultant output waveform resembles IIburst' type acoustic emission (Liptai and Harris, 1971 ). The acousto-ultrasonic waveform carries information about the material through which it runs. It is a function of multimode velocities, attenuations, dispersions, multiple reflections, etc. It has been shown empirically (figs. 1 and 2), that the acousto-ultrasonic waveform will yield significant correlations with mechanical properties.
Analysis of acousto-ultrasonic signals is accomplished by measurement of a "stress wave factor" (SWF). The SWF may be measured in one of several ways to assign a numerical value to the acousto-ultrasonic waveform. For example, as in figure 10 , the SWF may be evaluated as a "ringdown" oscillation count as that used in quantifying acoustic emission signals. Or, the SWF may be taken as the root-mean-square (RMS) volt~ge of the output waveform. In the frequency domain the SWF may be evaluated in terms of the power spectrum or spectral features that change with material factors (Vary and Bowles, 1979) .
CONCEPTUAL FOUNDATIONS
Although significant empirical correlations among ultrasonic measurements and mechanical properties exist, they often appear fortuitous or accidental. The fundamental relations underlying many of these correlations are currently unknown. Some of the correlations are probably traceable to fundamental relations between velocity and elastic moduli while others are traceable to relations between attenuation and microstructure; e.g., grain size, shape; inclusions; second phase particles (Papadakis, 1965b; Serabian and Williams, 1978; Goebbels, 1980; Serabian, 1980) . After a discussion of empirical approaches, this section describes three conceptual models suitable for advancing the theoretical bases for ultrasonic materials assessment.
Empirical Approaches
Empirical correlations of ultrasonic quantities and various mechanical properties appear in figures 1 to7 and 11. The pulse-echo and acoustoultrasonic methods were used to produce these correlations. These empirical results generally lack established theoretical foundations. The data in figure 7 , for example, contradict the expectation that velocity varies inversely with density according to theoretically-based equations for the shear and longitudinal moduli (Green, 1973 , Schreiber,et al. 1973 ).
The empirical approach is epitomized by the "adaptive learning network" (ALN) method, ( fig. 11 ). The ALN method requires no fundamental understanding of interrelations between ultrasonic measurements and the mechanical properties evaluated. The method relies on collecting sufficient ultrasonic data (say, attenuation and velocity measurements at several frequencies) and applying multiple regression analysis procedures. The raw data is used to define a polynomial expression that gives the best combin~tion of coefficients and exponents when fitted to corresponding measurements of a mechanical property. The polynomial is then used as the ultrasonic "predictor" of the mechanical property, e.g., shear strength in figure 11 (Williams and Zwicke, 1982) . The ALN method works, but fundamental interrelations remain unspecified.
The previously-described acousto-ultrasonic method depends on simulating stress waves to assess mechanical properties. The results in figure 2 are based on combined acousto-ultrasonic and velocity measurements. Combining measurements and using the ALN approach an empirically-based expression was derived to correlate an acousto-ultrasonic "estimator" (predictor) with destructively measured interlaminar shear strengths in a set of composite laminates with a range in fiber fraction (Vary and Bowles, 1977) .
The acousto-ultrasonic SWF (stress wave factor) can be taken as a relative measurement of the efficiency of stress wave energy transmission in the region 7 between the send1ng and rece1ving probes . For example, 1n composite laminates the SWF can be 1nterpreted as a quantification of the efficiency of dynamic strain energy transfer. In unidirectional composite laminates the SWF is greatest along the fiber direction which is also the direction of greatest strength (Vary and Lark, 1979) . F1gure 6 demonstrates that the SWF decreases with increasing fatigue damage. This implies that fatigue damage will produce an increase in attenuation, as is apparent from figure 5 . Indeed, a decrease in the SWF generally corresponds to increased ultrasonic attenuation. F1gure 6 also provides evidence that the SWF is an indirect measure of how (degradation of) mechanical properties will affect the eff1c1ency of stress wave propagat1on. This 1s an 1mportant point because it 1ndicates a l1nk between ultrason1c waves used to assess mechanical properties and the propagat10n of stress waves, such as those ar1sing dur1ng mechanical fa1lure processes (plastic deformation, m1crocracking, fracture, etc.). This notion will be used later in discussing a stress wave interaction model.
Conceptual Models
To find 1nterrelations that connect ultrasonic quantities with microstructure an mechanical properties it is necessary to go beyond current theory and postulate new bases for the exper1mentally observed relations. The empirical relations between ultrasonic measurements and fracture toughneis of polycrystalline so11ds, as those in f1gures 3 and 4, can serve as a starting point. Fracture toughness is a measure of a material IS resistance to catastroph1c crack propagation. The discussion that follows will deal with assessment of microstructural factors that govern crack nucleation events at the onset of fracture.
spontaneous stress waves that arise during d1slocat10n movements, microcrack nucleation, plastic deformat10n. and fracture are ultrason1c in nature. It is reasonable, therefore, to expect that ultrasonic probing can interrogate the microstructure to infer its effect on the stress waves that interact with it during the aforementioned processes, ( fig. 12 ). Of course, the role of microstructure in controlling mechanical properties and behavior is well established (MaCrone, 1977; Froes, et al. 1978 ).
The idea illustrated in figure 12 can be implemented by treating microstructure as having a mathematically definable modulation transfer function that governs stress wave propagation. The analysis then proceeds by deconvolving output versus input signals (see Microstructure Transfer Function Model).
Three conceptual models are needed to estab11sh a basis for interrelating ultrasonic, microstructural, and mechanical property factors: (1) stress wave interaction model, (2) microstructure transfer function model, and (3) microcrack nucleation mechanics model. The models, shown schemat1cally in figures 13 to 15, are needed to connect ultrasonically measured quantities to destructively measured mechanical properties, e.g., toughness, strength.
Stress Wave Interaction (SWI) Model Vary (1979a; 1980b) proposed a stress wave interaction (SWI) model in which spontaneous ultrasonic stress waves interact with material microstructural factors to the extent that they actually promote microcracking and also catastrophic crack extension. This agrees with dynamically-based models for fracture behavior (Kolsky. 1963 (Kolsky. , 1973 Curran, et al. 1977; Fu, 1983a Fu, , 1981b ).
The stress wave interaction (SWI) mode can be used to develop a theoretical basis for correlations found between ultrasonic attenuation and material stren9th and fracture toughness. The working hypothesis is that propagation of probe ultrasound is governed by the same factors that govern stress waves generated during fracture (although there is a tacit assumption that at the onset of fracture essentially linear elastic conditions prevail).
The SWI model invokes the concept that critical sites are activated by spontaneous stress waves emitted at the onset of catastrophic (rapid, unstable) crack growth. These sites are potential microcrack nucleation sites that can absorb or release stress wave energy. As indicated in figure 13 , the SWI model assumes a critical wavelength commensurate with the dimensions of potential microcrack nucleation sites, e.g., precipitates, second phase particles, grains, etc. The SWI model also assumes that an avalanche (or cascading) effect occurs in which increasing numbers of crack nucleations sites are activate by the advancing stress wavefront. Moreover, the advancing stress wavefront is assumed to be reinforced as energy is released at the nucleation sites.
The mode of stress wave interaction with crack nucleation sites is given by an appropriate microcrack nucleation mechanics (MNM) model, described later. The MNM model must specify the ultrasonic stress wave energy transfer mechanism peculiar to a given microstructure. A material transfer function (MTF) model will be discussed first since it forms the bridge between the SWI and MNM models.
Microstructure Transfer Function (MTF) Model
Considering material microstructures as mechanical "filters" that have a transfer function definable in terms of ultrasonic attenuation coefficients proves to be a useful concept (Vary, 1980b) . The conditions under which this microstructure transfer function (MTF) can be defined are restricted. A polycrystalline aggregate is assumed for the purposes of this discussion. It is also assumed that the sample has flat, parallel opposing surfaces and satisfies the conditions necessary to obtain two back surface echoes as shown in figures 9 and 14. These constraints are desired for mathematical convenience as well as for ease of signal acquisition (Truell et al. 1969; Papadakis, 1976) . Signal acquisition and processing is accomplished as described by Vary (1979b; 1980a; 1980b) and Generazio (1984) .
It will be seen that frequency domain analysis yields an ultrasonic transfer function, T, for the material in terms of its attenuation and reflection coefficients. The quantities B1, B2, E1, E2, T, and R, in figure 14 , are Fourier transforms of the corresponding time domain quantities (Bracewell, 1978) . In the frequency domain, signal deconvolution and determination of the transfer function can proceed with simple mathematical manipulations. The attenuation coeff1cient, a function of frequency, is (Serabian and Williams, 1978; Serabian, 1980) , ( 1 ) where, f is ultrasonic frequency and c and m are constants that characterize the attenuation properties of the material probed. Equation (1) is a generalized form that in the context of this paper applies to attenuation due to scattering by microstructural features like grains, inclusions, and second phase particles.
A broadband ultrasonic pulse signal will produce a series of back surface echoes in the material specimen. The first two back echoes, Bl and B2, reenter the ultrasonic probe which acts as both a sender and receiver, ( fig. 9 ). It is appropriate to take the internal echo El, ( fig. 14) , as the source for the "reduced" signal Bl, i.e., reduced by the factor (1 + R) where R is the reflection coefficient at the specimen-transducer interface (Truell, et al. 1969; Papadakis, 1976) . The reflection coefficient is unity. 1, at the free surface. Part of the energy of El is reflected and appears as the second internal echo E2 giving the reduced echo B2, thus,
The quantity T is the MTF and incorporates signal modulation factors associated with the microstructure (grain scattering, absorption, etc. Combining equations (2) and (3) yields. T = B2/RBl (2 ) (3 ) ( 4) Transfer functions associated with signal transduction and similar factors can be ignored because in the pulse-echo configuration they vanish just as the term (1 + R)El vanishes in equation (4) . Papadakis (1976) has demonstrated that the attenuation coefficient can be found by frequency spectrum analysis and that it may be written as, a = (1/2x) ~n(RB1/B2) ( 5) where, x is the specimen thickness. Since both the MTF and the attenuation coefficient are defined in terms of B1 and B2 which are Fourier transforms of the corresponding time domain signals, equations (4) and (5) can be combined to get, ! T = exp(-2xa) (6 ) Hence, the MTF is definable as a function of the (frequency dependent) attenuation coefficient of the microstructure (Vary. 1980b ). Equation (6) forms the basis for ultrasonic determination of mechanical properties (like toughness) that depend on microstructure. But, it is first necessary to establish which microstructural factors govern toughness and to relate these factors to the MTF.
Microcrack Nucleation Mechanics (MNM) Model
The microcrack nucleation mechanics (MNM) model was proposed by Vary (1979a) and elaborated upon by Fu (1982; 1983a; 1983b ). The MNM model is based on the stress wave interaction (SWI) model. The MNM model is used to derive a relation connecting the MTF (and hence, the attenuation properties of a microstructure) with the microcrack nucleation sites activated during the onset of catastrophic crack growth. The MNM model described here pertains specifically to plane strain fracture toughness and the microstructural factors that govern plane strain fracture toughness (Brown and Srawley, 1966; Hahn, et al. 1972; Froes, et a1. 1978 ). The MNM model assumes that stress wave interactions promote microcrack nucleation in accordance with the SWI model.
The MNM model is depicted in figure 15 . A stress wavefront is shown traveling from grain S to R. These "grains" represent critical, interacting microstructural features such that, when grain S releases energy by fracturing, grain R will absorb some of this energy (carried by the stress wave). Given an existing static stress field around R, it is only necessary for the impinging stress wave to impart enough energy to take R above a fracture threshold. The energy imparted to R depends on the ultrasonic (stress wave) attenuating properties of the microstructure in the ligament between grains The right side of equation (7) consists of ultrasonically determined quantities, where v~ is velocity, m is the exponent on frequency in equation (1) , and M is an experimental constant for the material being evaluated, while, B6 = do./df (7 ) (8) The derivative in equation (8) is that of the attenuation coefficient evaluated at a frequency that corresponds to the critical ultrasonic wavelength in the material. This wavelength is defined by the critical dimension, 6 (e.g., mean grain size) in the microstructure. This dimension is taken as common to all microcrack nucleation sites that interact with the stress waves in accordance with the SWI model. This critical dimension is the link that establishes how the material transfer function, T, may be evaluated relative to specific nucleation sites. For, by specifying the critical dimension (or critical microstructural feature) one can estimate stress wave energies (Vary, 1979a) .
The left side of equation (7) consists of the square of the ratio of plane strain fracture toughness to yield strength. The square of this ratio is called a "characteristic length." This characteristic length quantity is also a measure of the fracture toughness (Hahn et al. 1972) . It is proportional to the size of the plastic (or process) zone that develops at the crack front at the onset of unstable crack growth. The characteristic length is a measure of an extrinsic property of the microstructure that ranks its toughness. That is, tougher materials exhibit larger plastic zones and, hence, more crack blunting will occur. Therefore, equation (7) uniquely relates factors that govern toughness with ultrasonic propagation properties of the microstructure.
The quantities in parentheses on both sides of equation (7) are functions of material microstructure. Although the parameter M remains constant for a given alloy, the characteristic length and ultrasonic quantities change with heat. treatment, phase composition, and other factors that affect toughness or strength.
EXPERIMENTAL VERIFICATION
The correlation predicted by equation (7) has been experimentally verified (Vary, 1978b) and figure 16 shows the predicted correlation for three metal alloys. In these metals the critical microstructural dimension is the average grain size. It can be inferred from figure 16 that the size of the plastic (or crack blunting) zone, i.e., "characteristic length," depends on ultrasonic attenuation properties of the material.
Apparently, metal mirocstructures that are more attenuating develop larger plastic zones. But, tougher metals are those that can accommodate stress wave interactions by absorbing more stress wave energy in localized plastic deformation zones (via dislocation motions). This should be contrasted with findings for fiber reinforced composites. In composites less attenuation appears to correspond to greater toughness (Vary and Bowles, 1977; Vary and Lark, 1979) . Since composites generally have brittle matrices that usually cannot sustain plastic deformation, it is better to have prompt, efficient dissipation of stress wave energy away from microcrack nucleation sites, i.e., lower attenuation.
By examining figure 3, one might infer that decreasing grain size corresponds to increasing toughness. Figure 4 illustrates the opposite, where increasing grain (tungsten carbide crystal) size corresponds to increasing toughness. Clearly, there is more to consider than grain size (or even grain shape) relative to assessing factors that govern toughness. Vary and Hull (1982; have shown that critical microstructural features governing toughness in metals are those that support dislocation motions. This is apparent from figure 4 where the cobalt "cement" (between the carbide crystals) with its high dislocation density appears to govern fracture toughness.
In the case of the titanium alloy depicted in figure 17 , there are three levels of microstructure: grains, colonies, and alternating alpha/beta phase platelets. The question is which of these features exerts the greatest influence on fracture toughness. This question has been answered on the basis of the previously described models (Vary and Hull, 1982) . The results shown in figure 18 indicate that the best empirical correlation and also the best agreement with theory, i.e., with equation (7), occur with data based on the beta phase thickness. The alpha phase thickness was found to be somewhat less significant than the beta phase thickness, i.e., correlation coefficients were 0.977, and 0.998, respectively. The colony size was weakly influential, while grain size influence was indeterminate. Vary and Hull (1982) concluded that in the titanium alloy studied, that both the alpha and beta phases are critical microstructural features. This conclusion was supported by fractographic studies that identify the alpha phase aspect ratio as a critical factor (Froes et al. 1978) . However, the best correlation coefficient is obta1ned with the beta phase, (fig. 18 ). Hence, from the ultrasonic viewpoint the beta phase has the greatest influence· on toughness. This is apparently due to its high dislocation density (plasticity) and concomitantly greater attenuation (i.e., high absorption of stress wave energy).
SUMMARY
The first two of th~ five sections that comprise the main body of this paper give a selective review of ultrasonic NOE for assessment of mechanical properties and microstructure. Examination of the literature shows a lack in theoretical found~tionsfor ultrasonic prediction of mechanical properties of engineering solids. There are abundant correlations among ultrasonic quantities, mechanical properties, and microstructural factors that can be cited; however, they are usually empirica1ly.based and often appear fortuitous or accidental.
The third section contrasts two ultrasonic methods that have proven useful for ultrasonic evaluation of mechanical properties: the pulse-echo and acousto-ultrasonic methods. Signal acquisition and analysis techniques are described and examples are given on how the two ultrasonic measurement methods have helped further the understanding of microstructural and morphological factors governing mechanical properties.
The fourth section describes some conceptual foundations for ultrasonic measurement of mechanical properties and critical microstructural factors that govern mechanical properties. Three conceptual models are described: (1) the stress wave interaction model, (2) the mircostructur~ transfer function model, and (3) the microcrack nucleation mechanics model.
The fifth section gives an illustrative example showing how the three models can be combined to predict correlations between ultrasonic attenuation factors and fracture toughness. The fracture toughness example demonstrates subtle interrelations between ultrasonic stress waves and critical microstructural features, in addition to providing experimental verification of the predicted correlations. It is also apparent that ultrasonic examination can help improve understanding of microstructural, factors that govern mechanical properties.
CONCLUSION'
This paper has reviewed recent literature, described some new concepts, and presented experimental results concerning ultrasonic materials characterization. For illustrative purposes, emphasis was placed on ultrasonic assessment of fracture toughness. There are, however, ramifications that extend beyond the current primarily emp1rically-based assessment of toughness and other mechanical properties. Two important ramifications are that: (1) the current theoretical foundations for the ultrasonic assessment of mechanical properties are inadequate and require reexami~ation and (2) the use of ultrasonic NOE techniques can aid in understanding'factors that govern mechanical properties of engineering solids. It was shown that the conceptual models 
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